j r i r λ which induces giant monopole vibrations. Stable and unstable point arise in the nuclear equation of state as a function of the oscillator size parameter from pure 1p-1h admixtures. Addition of 2p-2h admixtures lead to one stable point. However, the incompressibility is found to be quite different from the Hartree case with 1p-1h admixtures, even with 2p-2h states included. PACS 21.65.Mn, 24.30.Cz
1.Introduction
In a previous publication by Zamick [1] a separable monopole-monopole interaction was used to evaluate the nuclear incompressibility in a Hartree approximation. In this work we study the effects of correlations using the same interaction. The incompressibilityκ and its associated equation of state (EOS) is a quantity of importance in heavy ion collisions and supernovae explosions. There is some uncertainty in the value of κ in both non-relativistic and relativistic mean field approaches . Non-relativistic models [2, 3, 4] have values of MeV 233 220 − ≈ κ while relativistic models [5] , which include contributions from the negative energy sea, have somewhat higher values with MeV 270 250 − ≈ κ
. The experimental determination of κ comes from a study of the isoscalar giant monople resonance or the breathing mode state. In this regard we note the empirical analysis of K.C.Chung et al [6] who obtained the nuclear incompressibility from the breathing mode energy. They obtained a value MeV 20 220 ± ≈ ∞ κ for the incompressibility of an infinite system. In macroscopic models, the connection of the energy of the breathing mode state br E to the incompressibility is , where ms r is the rms radius. The incompressibility in asymmetric nuclear matter is also of recent interest [7] [8] [9] [10] [11] . The effect of pairing correlations on the incompressibility in nuclear matter was studied in ref. [12] . The surface incompressibility was obtained by Sharma [13] in a relativistic model. Here we study the role of monopole correlations on the equation of state and its associated incompressibility. Before proceeding, we also mention that even though two interactions give the same binding energy and radius, the values of the incompressibility can be quite different. Specifically, for a zero range density dependent interaction ) ( ) ( ) ( r r r δ γρ αδ σ + − the incompressibility is given by [14] )]
Here B E is the nuclear binding energy and > < T is the mean kinetic energy, which can be related to the radius. Even when B E T , > < are fixed κ still varies linearly with the power of the density.
Hartree Model
The incompressibityκ is defined by second derivatives of the energy per particle A E / with respect the total radius R or volume V as:
Theκ is evaluated at the minimum of A E / with varying R . The calculations presented will be for a harmonic oscillator. A monopole-monopole interaction ) ( ) ( 2 2 j r i r λ acting between nucleons leads to a one-body harmonic oscillator potential in a Hartree approximation. Particles can then be put into the lowest levels of this one-body potential to form a state given by a Slater determinate. The same interaction can then be used to study the role of correlations, both 2p-2h and 1p-1h states. One of us studied features associated with this model in an early work [1] . The present paper extends some the results to include the role of correlations on the nuclear incompressibility. The importance of correlations was also investigated in Ref. [15, 16] from another perspective. The single particle orbits of a harmonic oscillator potential with quantum numbers l n, in polar coordinates have energies given by 
The first term is the kinetic energy contribution to )
( ω E while the second term arises from the separable monopole-monopole interaction. The 
Using this value of κ the breathing mode energy is at 0 6 ω in a macroscopic model [1] and for 0 16 , MeV E br 39 ≈ where we used [6] . Note that this value is A independent.
Role of correlations
We now proceed to evaluate the role of correlation on the energy functional and the incompressibility. As mentioned above, the separable monopole-monopole interaction can then be used to study the role of correlations, both 2p-2h and 1p-1h states. The admixtures plus the 0p-0h ground state are written as
The normalization constraint is 1
The energy associated with this state is developed in ref. [ 
Substituting these expressions into the equation for ) ,
We define ) , ( x g Σ to be the first two terms of )
which is the uncorrelated 0 / ω E . In Fig.1 For large values of Σ , the ratio of ) , model. First we see large differences between the correlated and Hartree model. Secondly, we would like to study large ranges of values of x were perturbation theory could have important corrections. We therefore proceed by studying the role of correlations in our model by exact diagonalizations of the coupling matrix between several situations which first include both 1p-1h and 2p-2h components, and then study the role of each component separately. In this way we can see which couplings are responsible for any large departures. . The 12.5 gives the approximate curvature at the minimum where the minimum has a value 26.9 at x =1.021.
We note that at 1 ≈ x , the three eigenvalues are We next consider the case of 1p-1h admixtures to the 0p-0h ground state. The 2x2 coupling matrix is simply the upper 2X2 part of the 3X3 matrix; namely:
The eigenvalues of this matrix are easily found and are The case of 0p-0h plus 2p-2h states is obtained by diagonalizing a 2X2 matrix which contain the elements 11, 13, 31, 33 of the 3X3 matrix. The two eigenvalues, called ) , (
The behavior of the lowest eigenvalue is shown in Fig.4 . The left figure in Fig.4 shows a plot of ) , (
along with the Hartree model. The right figure in Fig.4 shows the comparison of ) , (
and the lowest eigenvalue of the complete 3X3 matrix. From the figures we see that the 2p-2h admixture alone makes only a small difference with respect to the uncorrelated Hartree case. A comparison of ) , 36 (
shows that the 1p-1h admixture produces large departures from the 2p-2h case and, in turn, from the Hartree case which is very close to ) , 36 ( is the more parabolic inner curve. The lowest curve is the lowest eigenvalue curve.
Nuclear incompressibility
We now turn our attention to the incompressibility and how correlations influence ite value. To obtain the incompressibility it is necessary to evaluate the second derivative in Eq.1 with respect to variations in the variable R . The results so far give behaviors with respect to x . To obtain the appropriate variation we proceed as follows. The incompressibility follows from 
is the uncorrelated Hartree result.
The incompressibility can be written as
A linear term does not contribute since κ is evaluated at the minimum. The minimum is determined by
that are necessary are elements of the eigenvectors, and in particular, we want the eigenvector for the lowest eigenvalue. Since the 1p-1h admixture makes a significant change in the behavior of the energy, we begin by studying this simpler case first which has β α, only . The un-normalized eigenvector is given by Eq.15. The curvature
The Hartree model has 
The value 620 is 2.87 times the Hartree model result. As noted above, this ratio also reflects the ratio of incompressibilities.
Before concluding, we note that the work of Khan et al [12] showed that correlations from pairing effects are not very important for the nuclear incompressibility at normal density. Specifically, they state in their abstract: " The pairing effects … found to change at most 10% the nuclear incompressibility." Thus, in view of this remark, it is not necessary to include an additional pairing force so a HFB calculation is not called for. Also our motivation is a study of a simple model in great detail.
Conclusions
In conclusion we studied the behavior of the energy functional in a Hartree model and a correlated model. An a priori simple problem took some strange turns when correlations were included. The energy as a function of x in the simple model is given by the first 2 terms on the right hand side of Eq(7). The condition for a minimum, dE/dx=0, yilds the simple result x=1. We work around this minimum to get the simple result for the nuclear incompressibility. Eq(5). We note that the admixture of 1p-1h Eq(8) vanishes at x=1 . This is at it should be because a 1p-1h admixture is basically a shape change but in the Hartree model we already have the optimum shape. The correlations were induced using the same monopole interaction that was used in the Hartree model. The role of 2p-2h and 1p-1h admixtures were included. The 2p-2h admixture alone did not significantly change the behavior of the energy as a function of the oscillator parameter x or reduced radius 2 / 1 2 R r > < from the Hartree model. By contrast, the 1p-1h admixture lead to significant changes in both the the energy as a function of the oscillator parameter x or reduced radius 2 / 1 2 R r > < . For example, the point x =1, which was a stable point (minima with positive curvature) in the Hartee case, is now an unstable point (maxima with negative curvature) in the β α, model. The maximum point is surrounded on the left and right side by two minima almost equally spaced from the center point. When 2p-2h admixtures are included their result leads to a single minima displaced from x =1. In calculating the nuclear incompressibility we work around this displaced point.Also, the curves as a function of the oscillator size parameter x for the admixture of both 1p-1h and 2p-2h correlations are very flat around the equilibrium point compared to the near parabolic shape of the Hartree or Hartee plus 2p-2h model. This feature might suggest a low incompressibility. However, we found that the 1p-1h correlations increase the incompressibility by a factor of about 3 from the uncorrelated case for this particular interaction. The source of this higher incompressibility lies in the behavior of the energy with radius. Specifically, the incompressibility involves the second derivative with respect to the radius. The second derivative with respect to radius is enhanced from the second derivative with respect to the oscillator parameter by the square of the rate of change of radius x with respect to radius which turns out to be large. The present work suggests further studies of the interplay of 1p-1h and 2p-2h admixtures with realistic interactions and their effect on the incompressibility.
